annual variations in picoplankton biomass in coastal waters.
Because bivalve aquaculture using suspension methods depends on the production of natural plankton, it is important to elucidate the environmental conditions influencing bivalve physiology and the productivity of available food items in planktonic ecosystems. Adult oysters cannot efficiently capture particles of less than 3 mm, which includes picoplankton (Langdon & Newell 1990) . Thus, this plankton group does not directly contribute to the growth of oysters. However, oysters can utilize the energy incorporated into picoplankton production by ingesting heterotrophic protists that feed on the picoplankton (Le Gall et al. 1997 ). Also, it is possible that picoplankton support the survival of bivalve larvae during the planktonic stage (Douillet 1993 , Douillet & Langdon 1993 . Hence, evaluating the biomass of picoplankton may provide useful information for elucidating their trophic role in food webs in oyster-farming areas.
We monitored the seasonal variations in abundance and biomass of picoplankton (hereafter defined as two groups: bacteria [heterotrophic bacteria] and cyanobacteria [phycoerythrin-rich cyanobacteria]) in the coastal waters of northern Japan, and we compared their biomass with the phytoplankton biomass. Information on nanoplankton and microplankton biomass, which is more important for evaluating food conditions for oysters, has already been reported for our study site by Kamiyama et al. (2005) .
Materials and Methods

Study site and geographic characteristics
Oginohama Bay, a branch of Ishinomaki Bay, is located on the western side of the Oshika Peninsula, northern Japan (Fig. 1) . Areas in and around Oginohama Bay are the main areas for aquaculture of the Pacific oyster Crassostrea gigas Thunberg in northern Japan. Oginohama Bay directly faces the Pacific Ocean, and only a few small streams flow into the bay. Environmental conditions in the waters outside the bay are apparently influenced by the Kuroshio and Oyashio currents and by the outflow of the Kitakami River, the drainage basin of which ranks second in area in northern Japan. Our study site was located in the center of Oginohama Bay (water depth, 11 to 13 m) (Fig. 1) . General environmental conditions at this site are reported in Kamiyama et al. (2005) .
Sampling and sample treatments
The investigation was conducted once or twice a month from April 2002 to July 2004 at the study site. Vertical profiles of temperature and salinity were measured with a portable temperature-salinity bridge (ADR500; Alec Electonic Co. Ltd.). Seawater was collected from the surface with a plastic bucket and from 5-and 10-m depths with a Van-Dorn water sampler.
A subsample of the seawater collected from each depth from July 2002 to April 2004 was filtered through a Millipore Milex HV filter (pore size: 0.45 mm) and the filtrate was stored in a freezer (ՅϪ20°C) until analysis. A 10-mL aliquot of the filtrate was autoclaved with 1 mL of oxidation solution (5 g K 2 S 2 O 3 and 3 g H 3 BO 3 dissolved in 100 mL of 0.375 M NaOH) for 30 min to decompose the dissolved organic phosphorus into inorganic phosphorus (Grasshoff & Koroleff 1983) . The treated samples were stored in a freezer (ՅϪ20°C) for later measurement of the total dissolved phosphorus (TDP) concentration. The concentrations of each nutrient (NO 2 -N, NO 3 -N, NH 4 -N and soluble reactive phosphorus [SRP] ) and TDP were measured with a TrAAcs 800 autoanalyzer (Bran-Luebbe Co.) by a method based on that of Strickland & Parsons (1968) . Dissolved organic phosphorus (DOP) was obtained by subtracting the SRP concentration from the TDP concentration. A second subsample of seawater collected from each depth from April 2002 to July 2004 was filtered onto a glass-fiber filter (GF/F filter; Whatman) under a vacuum of Ͻ100 mm Hg as the "total" phytoplankton fraction. During the investigation from April 2002 to April 2003, additional subsamples from each depth were filtered onto Nucleopore polycarbonate filters (pore size: 2 mm, Nomura Micro Science) as the Ͼ2-mm fraction under a vacuum of Ͻ50 mm Hg. The chlorophyll-a on the filters was extracted with N,N-dimethylformamide at Ϫ20°C under dark conditions, and then measured with a fluorometer (Model 10AU; Turner Designs). Chlorophyll-a concentrations for the picoplankton fraction (Ͻ2 mm) were calculated by subtracting the value of the Ͼ2-mm fraction from the total fraction. Detailed information on chlorophyll-a concentrations in other size fractions (Ͼ20 mm and 2-20 mm) is reported in Kamiyama et al. (2005) . 
Picoplankton abundances and biomass
Abundances of picoplankton were quantified by epifluorescence microscopy using the seawater samples collected from July 2002 to July 2004. Seawater subsamples from each depth were fixed with glutaraldehyde (final concentration: 1%). Bacteria in 0.3 or 0.6 mL of the fixed subsamples were stained with 4Ј,6-diamidino-2-phenylindole (DAPI; final concentration: 0.5 mg m L Ϫ1 ), and then filtered onto black Nucleopore polycarbonate membrane filters (pore size: 0.2 mm, Nomura Micro Science) (Porter & Feig 1980) with Ͻ100 mm Hg vacuum. At least 200 bacterial cells in more than 10 fields were counted under an epifluorescence microscope (BX60; Olympus) at 1000ϫ magnification under ultraviolet light excitation (Olympus filter set: 330-to 385-nm band-pass filter; DM 400 dichroic mirror; BA 420 barrier filter). Cyanobacteria (phycoerythrin-rich cyanobacteria [PEC] , which are composed of Synechococcus spp.) in 10 to 30 mL of the fixed subsamples were filtered onto black Nucleopore filters as described above. Usually, a total of at least 50 cells (or more than 10 cells if the abundance was low) over 10 to 100 fields were counted with the epifluorescence microscope at 1000ϫ magnification under bluelight excitation (Olympus filter set: 450-to 480-nm bandpass filter; DM 500 dichroic mirror; BA 515 barrier filter). Cyanobacteria are defined as cells less than 2 mm in diameter, with bright yellow fluorescence under blue-light excitation. For each sample under the microscope, 4 to 10 photographs were recorded with a digital camera system (DS 3030U; Olympus). The photographs of bacteria were directly used for measurement of the cell dimensions. Each color photograph of cyanobacteria was separated into 4 color components (cyan, magenta, yellow and black) using Paint Shop Pro 8 (Jasc), and the yellow images were used for measurement of the cell dimensions of cyanobacteria. The major and minor axes of bacteria and cyanobacteria were measured with Scion Image software (Scion). The volumes of bacteria and cyanobacteria were calculated by assuming an elliptical sphere shape. The carbon contents (C, fg-C cell Ϫ1 ) of these organisms were calculated from measured cell volumes (V, mm 3 cell Ϫ1 ) using dry-weight (DW, fg) and carbon conversion formulae: DWϭ436ϫV 0.86 and Cϭ0.5ϫDW for bacteria (Loferer-Kröbbacher et al. 1998 ) and Cϭ0.23ϫV for cyanobacteria (Worden et al. 2004) .
Data analysis
Correlation analysis was carried out using the Pearson's product-moment correlation coefficient test to examine the relationships between the logarithmic abundances and cell volumes of both types of picoplankters and environmental factors, on the basis of the monthly average data. Student's t-test was used to analyze the effects of salinity on the abundance of each group of organisms and to compare the biomass of bacteria with that of phytoplankton.
Results
Hydrographic conditions
During the period of this investigation, the average of temperature and salinity at the 3 depths sampled ranged from 5.2 to 23.8°C and from 29.6 to 33.5, respectively. In all years, the highest temperature and the lowest salinity were simultaneously observed in the surface layers in July and August (Fig. 2) , suggesting that the environmental conditions at the surface were influenced by freshwater during this period.
The mean concentration of dissolved inorganic nitrogen (DINϭNO 3 -N+NO 2 -N+NH 4 -N) in the water column (the average of the 3 depths) ranged from 0.9 to 11.3 mM and generally decreased from April to September (Fig. 3A) although temporary increases were observed in the surface layer during this period. The SRP concentrations ranged from 0.01 to 0.87 mM, decreasing from April to August and increasing during the other seasons (Fig. 3B ), a pattern similar to that of the DIN concentrations. Unlike the SRP concentrations, DOP concentrations were stable in all seasons. Generally, the DOP concentration exceeded the SRP concentration from April to September, and was lower than the SRP concentration in the other seasons.
Chlorophyll-a concentration of total and picophytoplankton size fractions
The mean concentration of total chlorophyll-a in the water column ranged from 0.26 to 5.72 mg L
Ϫ1
, with higher concentrations in spring (March and April), mid summer (July or August) and Autumn (October) (Fig. 4A) . The co- efficient of variation (CV: the ratio of the standard deviation to the mean) of the total chlorophyll-a concentration ranged from 2 to 109%, and the average CV was 33%. The higher CVs (exceeding 50%) were usually observed in spring (March) and summer (July) owing to high concentrations of chlorophyll-a at 10-m depth and at the surface, respectively. The mean concentration in the Ͻ2-mm fraction (picophytoplankton fraction) in the water column temporarily increased in June and July (Fig. 4B) . However, the concentrations in other months remained lower. The contribution of the Ͻ2-mm fraction to the total chlorophyll-a concentration ranged from 4 to 59%. The increase in total chlorophyll-a concentrations in March, April, and October depended on the increase in chlorophyll-a concentration in the Ͼ2-mm size fraction.
Picoplankton abundances
The mean abundance of bacteria in the water column ranged from 0.8ϫ10 6 to 3.8ϫ10 6 cells mL
Ϫ1
. In general, the seasonal variation revealed a higher abundance in summer (June-August) and early autumn (September-October) and low abundances during the rest of the year, but the range of variation was within the same order of magnitude (Fig. 5) . The CVs of the abundance in the water column ranged from 1 to 57%, and the average CV was 17%. No clear tendencies were found in the seasonal variation in the bacterial CVs. On the other hand, the abundance of cyanobacteria ranged from 0.2ϫ10 3 to 1.1ϫ10 5 cells mL Ϫ1 , and the changes in abundance showed a clear seasonality (Fig. 5) . Rapid increases in abundance were recorded in June and July, and high abundances were maintained into August and September. The CVs of cyanobacterial abundance in the water column ranged from 1 to 98%, and the average CV was 36%. The CVs of the abundance temporarily increased from June to August, induced by decreases in the abundances in the surface layer. From October onward, abundances of cyanobacteria gradually decreased and reached a minimum in spring (March-May). The range between the maximum and minimum abundances covered almost 3 orders of magnitude. 
Picoplankton cell volume
The mean cell volumes of bacteria and cyanobacteria in the water column ranged from 0.04 to 0.26 mm 3 cell Ϫ1 and from 0.4 to 4.3 mm 3 cell Ϫ1 , respectively. The cell volumes of both types of organisms generally increased in winter (December-February) to spring (March-May) and decreased in late summer (July-August) to autumn (September-November) (Fig. 6) . For each type of organism there was an apparent inverse seasonal relationship between cell volume and abundance. Actually, this relationship was significant in the cyanobacteria (rϭϪ0.61, pϽ0.01). However, there was not a significant negative correlation between cell volume and abundance of bacteria (rϭϪ0.09, pϾ0.05).
Relationships between abundances and cell volumes of picoplankton and environmental factors
Abundances of bacteria were significantly positively correlated with temperature and chlorophyll-a concentrations, and negatively correlated with inorganic nutrient (DIN and SRP) concentrations (Table 1, Fig. 7A ). Cyanobacterial abundance was significantly positively correlated with temperature (Table 1, Fig. 7C ). The cell volume of bacteria was negatively correlated with the inorganic nutrient concentrations (Table 1 ). The cell volume of cyanobacteria was significantly correlated negatively with temperature and positively with salinity ( Table 1) .
The abundances of cyanobacteria at salinities less than 31 and temperatures greater than 13°C (8 data) were significantly lower than the abundances at salinities above 31 psu in the same temperature range (50 data) (Student's t-test, 
Picoplankton biomass
The mean carbon biomasses of bacteria and cyanobacteria in the water column ranged from 23.4 to 174.3 mgC L Ϫ1 and from 0.1 to 18.4 mgC L
Ϫ1
, respectively (Fig. 8) . Both the biomass and abundance of cyanobacteria showed similar patterns of variation. Bacterial biomass was higher from March to September and was lower from October to February, a pattern that corresponds to the variations in abundance. However, no clear decrease in bacterial biomass was observed in spring, when the abundance was close to the lowest level.
The large variation in cyanobacterial abundance greatly influenced the seasonal changes in their biomass. The increase in cyanobacterial biomass in early summer (JuneJuly) coincided with the increase in chlorophyll-a concentration in the Ͻ2-mm fraction. To quantify the biomass of cyanobacteria in the total picophytoplankton, we estimated the carbon-specific biomass of the total picophytoplankton on the basis of the chlorophyll-a concentration of the <2-mm fraction, using the seasonal carbon:chlorophyll ratio (mg : mg) for this station (spring, 39; summer, 49; autumn, 61; winter, 48) (Kamiyama, unpublished data). The contribution from cyanobacteria to the carbon biomass in the total picophytoplankton ranged from 2 to 58% (Fig. 9) . In August, the biomass of cyanobacteria exceeded that of other picophytoplankton and also accounted for 22% of the total phytoplankton carbon biomass. These results imply that cyanobacteria are an important component of the picophytoplankton community in late summer.
We compared the carbon biomass of bacteria with the phytoplankton biomass, as estimated from the total chlorophyll-a concentration and the carbon:chlorophyll-a relationships described above. The monthly mean biomass of phytoplankton and bacteria ranged from 31 to 203 mgC L
and from 33 to 123 mgC L Ϫ1 , respectively (Fig. 10) , with annual means of 103 mgC L Ϫ1 and 68 mgC L Ϫ1 , respectively. The ratio of bacterial biomass (BB) to phytoplankton biomass (PB) ranged from 0.34 to 1.79, with a mean of 0.76. estimated from the concentration of chlorophyll-a in the Ͻ2-mm fraction and the monthly mean contribution of cyanobacteria to the phytoplankton assemblage (point and line data). Seasonal carbon to chlorophyll-a ratios (mg : mg) of 39 (spring), 49 (summer), 61 (autumn), and 48 (winter) at the study site (Kamiyama, unpublished data) were used to estimate the carbon content of phytoplankton. Fig. 10 . Monthly mean carbon biomass of the bacterial and phytoplankton assemblages. Carbon content of the phytoplankton assemblage was estimated from the total chlorophyll-a concentration and the carbon to chlorophyll-a ratios, as described for Fig. 9 . Vertical bars indicate standard deviations from the mean (nϭ3 to 19). The asterisk ( * ) indicates a significant difference between the carbon biomass of the two assemblages (pϽ0.05).
The BB was significantly lower than the PB in February, March, November and December (pϽ0.05), but significant differences were not observed between BB and PB in other months.
Discussion
Abundance of picoplankton
In various coastal waters worldwide, the abundance of bacteria ranges in the order of magnitude of 10 5 or 10 6 cells mL Ϫ1 (reviewed by Sanders et al. 1992) . Within Japanese coastal waters, abundances of bacteria in annual studies have ranged from 0.26ϫ10 6 cells mL Ϫ1 to 4.9ϫ10 6 cells mL Ϫ1 (Iwamoto et al. 1994 , Naganuma & Miura 1997 , Tada et al. 1998 , Lee et al. 2001 ) and our findings (0.8ϫ10 6 to 3.8ϫ10 6 cells mL Ϫ1 ) are within this range. Several studies of Japanese coastal waters have reported that the maximum abundance of cyanobacteria (PEC or Synechococcus spp.) is similarly within the range of about 1-3ϫ10 5 cells mL Ϫ1 (Odate 1989 , Miyazono et al. 1992 , Shimada et al. 1995 , Koike et al. 2001 , Katano et al. 2005 ; this agrees with our maximum values (1.1ϫ10 5 cells mL Ϫ1 ). The maximum cell densities at coastal sites in the North Atlantic and Pacific Oceans also fall within this limited range (Worden et al. 2004 , Calvo-Díaz & Morán 2006 . However, cyanobacterial abundances higher by one order of magnitude have been reported in coastal waters in the northern Baltic Sea and near Florida (Kuosa 1991 , Murrel & Lores 2004 .
Environmental factors influencing seasonal variations in abundance
The abundance of picoplankton is probably influenced by growth conditions such as temperature, substrate availability, and light conditions for phytoplankton (bottom-up control) and also by protistan predators and virus infections (top-down control). Unfortunately, we have no information about virus infections (Fuhrman & Noble 1995) of picoplankton in the study area. Another critical factor that could have influenced seasonal variation in the picoplankton abundance is seawater inflow from offshore areas, because environmental conditions around the study site are sometimes influenced by offshore water (with higher temperature, higher salinity and lower chlorophyll-a concentration) that originates from the Kuroshio (Coastal Oceanography Research Committee, The Oceanographic Society of Japan 1985). However, we did not observe any clear increase of salinity, suggesting that the direct inflow of offshore water was not a significant influence during the study period. Therefore, here we discuss the effects of growth conditions and grazing by protists on picoplankton abundance.
The high abundances of bacteria and cyanobacteria from mid-summer to autumn (July-November) imply that temperature is an essential factor influencing the variation of these abundances. The positive correlations observed between the abundances of both groups of organisms and temperature (Fig. 7A, C, Table 1 ) corroborate the results of previous studies (Odate 1989 , Karlson & Nilsson 1991 , Murrell & Lores 2004 and are explained by the results of studies showing that increases in temperature promote the growth of both types of organisms (Shiah & Ducklow 1994 , Moore et al. 1995 . However, at temperatures above 15°C, we found that the abundance of cyanobacteria was lower at salinities below 31 psu than at salinities above 31 psu, indicating that lower salinity (less than about 31 psu in this case) may be a critical factor inhibiting the increase of cyanobacterial abundance. Evidence in support of this conclusion comes from Murrell & Lores (2004) , who report that cyanobacteria (PEC) are more abundant in the marine environment than in estuaries.
Nutrient conditions are another possible factor influencing the seasonal variation in picoplankton abundances. We observed negative correlations between bacterial abundance and inorganic nutrient concentrations (Table 1) . It is possible that lower concentrations of inorganic nutrients limit the production of bacteria, but a positive correlation should be observed in this case. The negative correlation observed is probably not the result of a direct relationship between these two parameters. A decrease in nutrient concentrations as a result of phytoplankton production during the period of summer stratification might coincide with an increase in bacterial abundance, mainly owing to the higher temperatures in summer. The supply of inorganic nutrients can also influence the growth of cyanobacteria (e.g. Vaulot et al. 1996) . However, we did not observe any significant relationship between cyanobacterial abundance and inorganic nutrient concentration, possibly because the concentrations of nutrients were consistently above the levels that limit the growth of cyanobacteria.
The abundance of bacteria was significantly correlated with chlorophyll-a concentration. This is a typical pattern that has been reported in many studies (e.g. Bird & Kalff 1984 , Cole et al. 1988 . Because increases in the amounts of dissolved organic matter exuded by phytoplankton promote the development of bacterial populations (Cole 1982) , the variations in bacterial abundance that we observed were probably associated with the variations in phytoplankton abundance as indicated by chlorophyll-a concentrations. Tanaka & Taniguchi (1999) reported that the narrow range of seasonal variation in bacterial abundance observed in their annual studies (within one order of magnitude) could be explained by efficient predation on bacteria at higher densities and less efficient predation at lower densities. In our study area, the abundance of microzooplankton, including picoplankton feeders, increases in summer (Kamiyama et al. 2005) . Hence, efficient top-down control by protists possibly resulted in the narrow range (within one order of magnitude) of seasonal variation in bacterial abundance that we observed. In addition, the cyanobacterial population is generally affected by grazing activities of protists such as heterotrophic flagellates (e.g. Kuosa 1991 , Burkill et al. 1993 , Christaki et al. 2001 . However, in our study the abundance of cyanobacteria varied seasonally over almost 3 orders of magnitude, which is considerably greater than the range of variation of bacterial abundance. A possible reason for this is that the grazing mortality of cyanobacteria (particularly Synechococcus) may be lower than that of other microorganisms (Worden et al. 2004 ).
Environmental factors influencing seasonal variations in cell volume
We observed clear seasonal variations in the cell volumes of bacteria and cyanobacteria, suggesting that environmental factors influenced such seasonal variations. Seasonal changes in mean cell volumes of natural bacterial and cyanobacterial assemblages can result from two causes: changes in their physiological states and changes in community structures. The physiological state can be influenced by various abiotic environmental factors such as temperature, salinity, pH, dissolved oxygen, and organic and inorganic nutrient concentrations. In addition, biotic factors such as viral lysis, protistan grazing, and bacteria-bacteria interactions can influence community succession.
Bacterial mean cell volumes were negatively correlated with the concentrations of DIN and SRP, whereas mean cell volumes of cyanobacteria were negatively correlated with temperature and positively correlated with salinity. Changes in bacterial cell size in response to growth limitation by inorganic nutrient levels have been reported (Mårdén et al. 1985 , Holmquist & Kjelleberg 1993 . However, we have no information on in situ growth rates of bacteria in our study area, and thus it is difficult to confirm whether or not the bacterial growth limitation under the low nutrient conditions in late summer to autumn directly resulted in the increase in mean cell volumes. In the cyanobacteria, growth is promoted at higher temperatures (Shiah & Ducklow 1994 , Moore et al. 1995 , and active division of cells could increase the population size, potentially decreasing mean cell volumes. A decrease in the cell volume of cyanobacteria in summer when abundance increases has also been found in Blanes Bay (Mediterrnanean Sea) (Agawin et al. 1998) and in the central Cantabrian Sea, Spain (Calvo-Díaz & Morán 2006) . This may also occur in bacteria. However, we did not find any significant correlation between bacterial mean cell volumes and temperature (Table 1) . Discernable seasonal patterns in cell volume of bacteria were not recognized in the cenral Cantabrian Sea (Calvo-Díaz & Morán 2006) . Temperature is an important factor directly affecting bacterial physiological responses, but the degree and the range of its effect probably vary with bacterial species. Variations in responses to temperature because of the complexity of species compositions of natural bacterial assemblages might mask any systematic relationship.
We also found a positive correlation between mean cell volumes of cyanobacteria and salinity. There is no information supporting this relationship on the effects of salinity on the cell volume of cyanobacteria. The negative correlation between temperature and salinity (rϭϪ0.50, pϽ0.01; data not shown), mainly due to the enhanced influence of freshwater during warmer seasons, might lead to the apparent positive relationship between the mean cell volumes of cyanobacteria and salinity.
Alternatively, it is possible that protistan grazing activity shapes bacterial and cyanobacterial communities and size structures. Heterotrophic nanoflagellates and ciliates have been shown to preferentially ingest larger bacteria (Andersson et al. 1986 , Epstein & Shiaris 1992 , Monger & Landry 1992 , Jürgens & Güde 1994 , growing bacteria (Sherr et al. 1992) or active (respiring) bacteria (Gasol et al. 1995) . Since the feeding activity of predators on bacteria probably increases during the warmer seasons, size-dependent predation by protists would lead to the predominance of smaller prey cells.
Evaluation of picoplankton biomass
The biomass of cyanobacteria (PEC) in the study area made up a substantial part of the picophytoplankton community in mid-summer. Prochlorococcus spp. is the other important group of picophytoplankton in warm oceanic waters (Chisholm et al. 1988) . However, seasonal research data show that the concentrations of Prochlorococcus spp. are lower than those of Synechococcus spp. in almost all months in temperate coastal waters (Shimada et al. 1995) . Hence, in the study area, Synechococcus spp. may be a main component of the picophytoplankton community. In seasons other than mid-summer, picoeukaryotes are probably essential components of the community in the study area. The importance of picoeukaryotes has been demonstrated in various studies of coastal waters (Vaquer et al. 1996 , Bec et al. 2005 , Worden et al. 2004 .
Generally, bacteria primarily utilize DOM produced by phytoplankton as an energy source, indicating that bacterial biomass is closely associated with phytoplankton biomass. The entire range of BB:PB ratios in this study (0.34-1.79) was higher than the general mean value of this ratio for coastal waters (0.2), presented in the review of BB:PB by Ducklow & Carlson (1992) . Several previous studies have reported similar high ratios in coastal and estuarine waters (Pedros-Alio et al. 1999 , Gocke et al. 2004 , Calvo-Díaz & Morán 2006 ; these high ratios may have been caused by the influence of substrates other than those produced by phytoplankton (Naganuma & Miura 1997 , Gocke et al. 2004 . In terms of ecosystem food web structures, a high BB:PB ratio indicates the dominance of heterotrophic picoplankton and therefore suggests the importance of the microbial loop (Azam et al. 1983 , Artigas 1998 . Hence, in our study, inputs of allochthonous dissolved organic matter from the land or elsewhere may explain the high BB:PB ratios, except during the bloom season. In particular, DOM directly supplied from cultivated oysters near the sampling site or released from bottom sediments containing oyster fecal pellets may stimulate bacterial production in this area.
Implications of increased picoplankton abundance in oyster-farming areas
The autumn and spring increases in phytoplankton biomass and chlorophyll-a concentrations occurred during the main growth periods of adult oysters. On the other hand, the biomass of picophytoplankton increased in summer, and, in particular, the highest concentration of cyanobacteria occurred in late summer and its biomass accounted for a large part of the picophytoplankton (a maximum of 58%, in August). Because the oyster spawning season in Ishinomaki Bay is concentrated in mid-summer, many planktonic larvae of oysters appear in late July through August, which coincides with the period of increasing picoplankton biomass. Douillet & Langdon (1993) reported that a strain of bacteria enhanced the survival and growth of Pacific oyster larvae. Picoplankton-sized particles (0.5 to 3 mm) constitute a large percentage of the food ingested by small larvae of the Eastern oyster Crassostrea virginica Gmelin (Baldwin & Newell 1995) . The relative importance of the bacterial and cyanobacterial biomass in summer implies that picoplankton assemblages play important roles in the survival of planktonic oyster larvae in the study area. Further investigation is required to fully evaluate the role of picoplankton in the survival of oyster larvae until settlement on the substrate.
